In this research, ostrich bone ash (OBA) was modified with nanoscale zerovalent iron (nZVI) particles and applied as a novel composite adsorbent (OBA/nZVI) for dynamic adsorption/reduction of Hg (II) and Pb(II) ions in a fixed-bed column system. Entrapment of nZVI in OBA beads barricades the particles from oxidation and aggregation. The dynamic behavior of metal ions removal by OBA/nZVI was assessed as a function of inlet flow rates, bed height, initial pollutants concentration and pH. The synthesized OBA/nZVI composite was characterized by several physicochemical techniques. Increase in pH and bed height and decrease in flow rates and initial metal concentration resulted in delay of breakthrough time. OBA breakthrough profile is sharper than the OBA/nZVI breakthrough curve for both metal ions and the breakthrough times increase in the order OBA/nZVI-Hg(II) > OBA/nZVI-Pb(II) > OBA-Pb(II) > OBA-Hg(II). Based on the experiment results, redox reaction is expected to occur to a certain extent, as the standard reduction potentials of Hg(II) and Pb(II) are more than that of Fe(II). From a practical point of view, the OBA/nZVI could be applied as a material to remove Hg(II) and Pb(II) ions from natural surface and ground water with a pH value of 5-9.
INTRODUCTION
Mercury and lead compounds are commonly applied in different industrial utilizations. Hg(II) pollution originates from paper and pulp, paint, battery and pharmaceutical manufacturing, and oil refineries (Hassan et al. ) . Pb(II) is derived from many industrial applications, such as paint pigments, battery manufacturing, petrol additives, fuels, pigments for glazing ceramics and various metal products (Bulut & Baysal ) . The permissible limits of Hg(II) ions in drinking water and wastewater are 0.001 and 0.005 mg L À1 , respectively and for Pb(II) are 0.01 and 0.05 mg L À1 , respectively. Higher concentration of mercury and lead can cause a broad range of harmful health influences for both children and adults (The Council of the European Communities ).
Several techniques, including flotation, coagulation, chemical precipitation, ion exchange, reverse osmosis, membrane filtration, and adsorption, have been applied to remove heavy metals (HMs) (Wang & Chen ) .
Nowadays, biosorption processes have become the focus of attention to remove HMs, due to high efficiency, low cost, and the possibility of metal recovery and regeneration of the biosorbent (Wang & Chen ) .
Recently, animal by-products have aroused much attentions for contaminants removal, due to their high adsorption capacity, and they are readily available and relatively inexpensive (Amiri et al. , ; Arshadi et al. ) . Bones are comprised of 70% inorganic compounds and 30% organic phase by weight. Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ), which constitutes the major percent of inorganic compounds of bone and a natural source of phosphate and calcium, has a high capacity to adsorb HMs ions from the wastewater (Kizilkaya et al. ) . On the other hand, ostrich bone, which is produced in very large quantities in being difficult to separate from the adsorbed pollutants (Feng et al. ) . In order to improve its applicability for the treatment of wastewater, various composite adsorbents which incorporate hydroxyapatite with magnetic Fe 3 O 4 and nanoscale zerovalent iron (nZVI) have been reported (Dong et al. ; Feng et al. ; Zhang et al. ; Arshadi et al. ; Soleymanzadeh et al. ) .
In recent years, nZVI has been investigated as support substance in a compound adsorbent since it can be simply manipulated by an external magnetic field without the required filtration and centrifugation. On the other hand, nZVI has high reaction activity and surface energy attributed to its great total surface area and high capability to reduce various types of pollutants. However, aggregation and oxidation of bare nZVI are the main challenges of these particles in environmental remediation (Zhang et al. ; Shi et al. ; Eslamian et al. ) , which could be solved by a stable immobilized nZVI on the surface of different materials.
The uptake capacity parameters acquired from batch data are effective in preparing information about the fruitfulness of metal-adsorbent systems. Nevertheless, the information acquired under batch experiments are commonly not applicable to most wastewater treatment systems where contact time is not long enough to attain equilibrium (Han et al. ) . Therefore, it is essential to explore the feasible suitability of the nZVI in a continuous column process. The fruitfulness of nZVI may be assessed from the column breakthrough performance of the effluent concentration where a typical S-shaped breakthrough curve is generally acquired (Muhamad et al. ) . In the present work, the synthesis and characterization of a new adsorbent comprising nZVI-modified ostrich bone ash (OBA/nZVI) were studied in a fixed-bed column for the adsorption/reduction of Hg(II) and Pb(II) ions. Afterwards, the influences of bed heights, different flow rates, initial Hg(II) and Pb(II) ions concentrations and pH were also investigated. To the knowledge of the authors, there is no report about the application of nZVI in a fixed-bed column in the literature so far.
MATERIALS AND METHODS

Materials
Hg(NO 3 ) 2 and Pb(NO 3 ) 2 at a concentration of 1,000 mg L À1 of Hg(II) and Pb(II) ions, respectively, were applied as the stock solution, from which different concentrations were obtained by dilution with deionized water. All chemical materials used in this study were purchased from Aldrich and Merck Co. and were applied without any further purification, except for solvents that were determined according to standard procedures. Ostrich bones were acquired from a butcher's store.
Characterization techniques
A pH/mV meter (Metrohm, 827 pH Lab) was applied for all pH measurements. Atomic absorption spectroscopy (AAS) using a Perkin-Elmer 3030 instrument was applied for determination of the concentrations of Pb(II) and Hg(II) solutions. The morphology and composition of the samples were determined using a Seron-AIS2100 scanning electron microscope (SEM) with energy dispersive spectroscopy. X-ray diffraction (XRD) was measured using a Philips X'PERT MPD diffractometer in the 2θ range of 10-100 W to study the crystalline phase structures of the samples. The specific surface area of samples was measured using N 2 (99.999%) adsorption/desorption method at À196 W C by standard Brunauer-Emmett-Teller method using Quantasorb (Quantachrome, USA). The pore size analysis was performed using the Barrett-Joyner-Halenda method.
Preparation of the OBA and OBA/nZVI
At first, ostrich bones were separated from meat and fat, washed with water several times, and transferred to an open environment to remove the odors. Afterwards, they were dried in the oven at 70 W C for 24 hr. Bone ash powder was prepared by burning dried bones for 24 hr at 550 W C in an air furnace. Then, the sample was rinsed with deionized water until the pH of the drain water reached 7 ± 0.2 and was dried at 65 W C. Then, the samples were passed through different sieve size between 200 and 400 μm. Geometric average size of 300 μm was chosen and the sample was denoted as ostrich bone ash (OBA). OBA/nZVI was synthesized by the following method: FeCl 2 .4H 2 O (5.4 g) was dissolved into a mixture of ethanol and water in a 4/1 (v/v) ratio (72 mL ethanol þ 18 mL deionized water); next the OBA was added to this solution and the mixture was left in an ultrasonic shaker for 30 min in order to disperse the biomaterial grains. Then sodium borohydride (NaBH 4 ) solution (3.9 g per 100 mL) was added dropwise into the aqueous Fe(II)-OBA mixture and the contents were mixed uniformly under nitrogen using a magnetic stir bar. The black solid of nZVI was observed promptly following the addition of the first drop of NaBH 4 solution.
After the whole addition of the NaBH 4 solution, the mixture was left for a further 30 min of stirring and then filtered. Immobilization of nZVI on the OBA was denoted as OBA/nZVI.
Column design and measurements
To assess the dynamic behavior of Hg(II) and P(II) ions removal by OBA and OBA/nZVI, a fixed-bed column system was used. Column experiments were carried out in glass columns with a height of 25 cm and an internal diameter of 2 cm. Figure 1 shows the experimental setup of the column and associated components. All tests were performed at a fixed temperature of 25 ± 1 W C. The metal ions solution was transferred through the OBA and OBA/nZVI beds in an upward orientation to assure a completely saturated bed. To attain a fixed flow rate within the column tests, a peristaltic pump was applied. The experiments were performed as a function of various concentrations of metal ions, bed height, flow rate and pH. To measure the breakthrough points and shape of the breakthrough curves, effluent samples were taken at certain time intervals.
The experiments were continued until the complete saturation of the adsorbents was attained. AAS was used to analyze the effluent samples. Analysis of column data was performed by the following equations. Effluent volume (V eff , L) was calculated by Equation (1) 
where F is the volumetric flow rate (mL min À1 ) and t e is the exhaustion time (min). Exhaustion time is defined as the time at which metal concentration in the effluent attained 99.5% of initial metal concentration (Cavas et al. ) .
The total quantity of metal ions sent through the column (m total , mg) was calculated by Equation (2) 
where C O is the influent metal ions concentration (mg L À1 ). The total quantity of metal ions adsorbed in the column (m ad , mg) can be calculated from Equation ( 
where C ad is the adsorbed metal ions concentration ¼ influent metal ions concentration (C O ) À effluent metal ions concentration (C e ). The total removal percentage for metal ions (%) can be calculated from the ratio of m ad to m total by Equation (4):
The overall adsorption zone (Δt, min ) and length of mass transfer zone (Zm, cm) can be calculated by Equations (5) and (6), respectively:
where t b is the breakthrough time (min) and Z is the bed height (cm).
RESULTS AND DISCUSSION
Physico chemical properties of OBA/nZVI
The physicochemical properties of OBA and OBA/nZVI are listed in Table 1 . As Table 1 indicates, OBA and OBA/nZVI contain high calcium and phosphorus in the form of hydroxyapatite (46.12 wt% and 38.3 wt% for OBA and OBA/nZVI, respectively). The Ca/P mole ratios of OBA and OBA/nZVI were 1.58 and 1.71, respectively. The obtained Ca/P mole ratios showed that OBA/nZVI was most efficient for HMs removal from wastewater (1.71 being higher than the ideal stoichiometric apatite (1.67)) ( Johnson et al. ). As 20% of nZVI was loaded on OBA, total surface area of 108.9 m 2 g À1 was calculated, which was 1.63 times greater than that of the OBA (66.8 m 2 g À1 ). In fact, the reactivity of OBA increased when nZVI particles were dispersed on the framework of OBA. According to Table 1 , the average pore size and pore volume of OBA increased dramatically from 83.18 Å to 110.2 Å and 0.24 cm 3 g À1 to 0.31 cm 3 g À1 by nZVI particles. The higher average pore size in the OBA/nZVI simplifies the mass transfer between the surface of adsorbent and metal ions in solution (Pan et al. ) .
Consequently, the immobilized nZVI could display greater reaction rate with metal ions compared to OBA, due to the greater reactivity of surface sites.
SEM analysis
The photographs and SEM images of OBA, OBA/nZVI, OBA/nZVI loaded with Pb 2þ and OBA/nZVI loaded with Hg 2þ are shown in Figure 2 . OBA is a white material produced by the calcination of ostrich bone wastes (Figure 2(a) ). It was found that the surfaces of OBA exhibit spongy-like and porous morphology (Figure 2 (b)) which will provide protection to nZVI from aggregation and oxidation. On the other hand, OBA has a high total surface area (66.8 m 2 g À1 ) which will supply immobilization for nZVI stabilization. The color of OBA/nZVI is black, which confirmed the successful attachment of nZVI particles in OBA beads (Figure 2(c) ). The OBA/nZVI was composed of a porous and rough surface with irregularly shaped particles ( Figure  2(d) ). The OBA/nZVI bead after the adsorption of metal ions is reddish-brown due to the fast reduction of Pb(II) to Pb(0) and Hg(II) to Hg(0) on the surfaces of the OBA/nZVI with the oxidation of Fe(0) to Fe(II) (Figure 2(e) ). It is found that after adsorption of Hg(II) (Figure 2 (f)) and Pb(II) (Figure 2 (g)) ions, large flake-like species appeared on the surface of the OBA/nZVI.
EDX analysis
Figure S1 (Supplementary data, available with the online version of this paper) gives the EDX spectra of OBA, Figure S1 (a)). The presence of iron in addition to the main components of hydroxyapatite confirmed the successful attachment of nZVI particles in OBA beads (see Figure S1(b) ). After the Pb 2þ and Hg 2þ were adsorbed, new peaks appeared which are related to Pb and Hg element (see Figure S1 (c) and S1 (d)). It was proposed that Pb 2þ and Hg 2þ had been adsorbed onto the surface of OBA/nZVI efficiently. Furthermore, after the Pb 2þ and Hg 2þ were adsorbed, a decline of Ca peak intensity could be observed. This phenomenon may be due to the occurrence of a certain degree of interchange in the Pb 2þ and Hg 2 adsorption (Feng et al. ) .
XRD analysis
The XRD pattern of OBA and OBA/nZVI is shown in Figure 3 . (Gotic & Music ) . This showed that the available iron on the OBA surface is basically in its Fe 0 state.
Parameters of the breakthrough curves
The Hg(II) and Pb(II) adsorption reaction was continued until the complete saturation of the OBA/nZVI was attained. To assess the performance of the breakthrough profiles obtained from the tests data, m total , m ad , V eff , t b , t e , Δt, and Zm were calculated. The parameters of breakthrough profiles of the fixed-bed column system for Hg(II) and Pb(II) ions adsorption by OBA/nZVI for the flow rates of 1 and 1.5 mL min À1 , bed depths of 3 and 6 cm and initial metal ions concentrations of 25 and 50 mg L À1 are tabulated in Table 2 . The adsorption efficiency of metal ions declined when the influent flow rate was increased from 1 to 1.5 mL min À1 , the bed height was decreased from 6 to 3 cm and initial metal ions was increased from 25 to 50 mg L À1 .
The influence of operational parameters on the breakthrough curve Initial studies showed that the OBA has a high potential to entrap nZVI particles. OBA was hydroxyapatite and did not contain any organic components of the bone. Indeed, the high total surface area (66.8 m 2 g À1 ) of OBA demonstrates that this biomaterial is a privileged candidate as the carrier of nZVI. In fact, oxidation, agglomeration and great mobility in aqueous solutions are the main limitations of nZVI particles in environmental remediation (Eslamian et al. ) , which could be solved by a stable, immobilized nZVI on the surface of a biological origin support such as OBA. The usage of nZVI can modify the reactivity of the OBA by virtue of the high surface to volume ratio and can also cause a great flexibility for in situ and ex situ usage. Continuous, dynamic adsorption tests were carried out to characterize the breakthrough curves in the fixed-bed column filled with OBA/nZVI at different important operating parameters.
Effect of feed flow rate
Flow rate is one of the important parameters which can evaluate the performance of adsorption reactions in a fixedbed column system (Saha et al. ) . Thus, the influence of flow rate on the adsorption of metal ions with the OBA/ nZVI was studied by changing the flow rate in the range of 0.5-1.5 mL min À1 (low flow rate) and 10-30 mL min À1 (high flow rate), while the initial concentration of metal ions (50 mg L À1 ), bed height (6 cm) and pH (7) were kept constant. The breakthrough curves measured at various flow rate for metal ions are shown in Figure 4 . As observed in Figure 4 , the adsorption of metal ions onto the surface of OBA/nZVI and the shape of breakthrough curves are highly affected by the flow rate. The exhaustion and breakthrough times shifted to the origin with rising flow rate, while the earlier exhaustion and breakthrough times were found for a greater flow rate. In higher flow rate (>10 mL min À1 ), the metal ions left the column before being adsorbed on the OBA/NZI bed, which caused decrease in the removal efficiency of metal ions (Chowdhury & Saha ) . The values of C=C 0 were 0.25, 0.49 and 0.86 while flow rate was 10, 20 and 30 mL min À1 , respectively, for Hg 2þ adsorption in the interval of 3 hr (see Figure 4(a) ). Similarly, the values of C=C 0 were 0.3, 0.56, and 0.91 while flow rate was 10, 20 and 30 mL min À1 , respectively, for Pb 2þ adsorption in the interval of 3 hr (see Figure 4(b) ). Therefore, the removal ability of OBA/nZVI for Hg(II) ions is higher than for Pb(II) ions.
Effect of bed height
As the mass of the OBA/nZVI accumulated in the column and the pressure drop were significant, the bed height was also investigated. To investigate this influence, the breakthrough curves of OBA/nZVI adsorption were achieved at 3, 6, and 9 cm bed depth, when the initial concentration of metal ions (50 mg L À1 ), flow rate (1 mL min À1 ) and pH (7) were fixed. Figure 5 indicates the breakthrough curves of metal ions adsorption at various bed heights. As observed in Figure 5 , when the OBA/nZVI bed depth increases, the breakthrough times were enhanced; consequently the adsorption efficiencies of metal ions were also increased. In fact, the number of available vacant sites on the surface of OBA/nZVI in the column increased with increasing of bed height or mass of the adsorbent (Chowdhury & Saha ) . Therefore, more Hg(II) and Pb(II) ions could be removed from the solution in the column and the mass transfer zone was broadened. The values of C=C 0 were 0.85, 0.13 and 0 while OBA/nZVI bed height was 3, 6 and 9 cm, respectively, for Hg 2þ adsorption in the interval of 7 hr (see Figure 5(a) ). Similarly, these values were 0.94, 0.15 and 0.03 for Pb 2þ adsorption (see Figure 5(b) ). Therefore, the saturation of the OBA/nZVI active sites occurs faster in the smaller fix-bed column depth, which is related to the lack of adequate time for metal ions to diffuse into the internal pores of the OBA/nZVI (Masomi et al. ) . Effect of influent concentration Figure 6 shows the influence of inlet metal ions concentration on the form of the breakthrough profiles, when the bed height (6 cm), flow rate (1 mL min À1 ) and pH (7) were fixed. At greater metal ions influent concentration, breakthrough profiles were sharper, with an earlier breakthrough. With an increase of inlet metal ions concentration, the saturation of the OBA/nZVI active sites occurred faster and caused a decrease of the breakthrough time. On the other hand, the concentration gradient between solid and solution phases was enhanced, when the influent concentration was raised. The breakthrough profiles expanded in low inlet metal ions concentration, which showed that a great amount of effluent solution could be processed. In fact, at low metal ions concentration, mass transfer amount become small (Saha et al. ; Chowdhury & Saha ) . The values of C=C 0 were 0.15, 0.29 and 0.89 while inlet Hg 2þ concentration was 25, 50 and 100 mg L À1 , respectively, for t ¼ 9 hr (see Figure 6(a) ).
Similarly, these values were 0.22, 0.35 and 0.96 for Pb 2þ adsorption (see Figure 6(b) ).
Effect of pH
The initial solution pH is a key parameter in the adsorption reaction, particularly for the uptake of Hg 2þ and Pb 2þ ions in a fixed-bed column system (Oguz ) . The metal chemistry in the solution and the adsorption of metal ions onto the surface of OBA/nZVI are highly affected by the pH. To investigate this influence, the breakthrough curves of OBA/nZVI adsorption were achieved at pH ¼ 2, 5, 7 and 9, when the initial concentration of metal ions (50 mg L À1 ), flow rate (1 mL min À1 ) and bed height (6 cm) were fixed. The values of C=C 0 were 0.96, 0.07, 0.04 and 0.03 while pH value of the solution were 2, 5, 7 and 9, respectively, for Hg 2þ adsorption in the interval of 6 hr (see Figure 7(a) ). Similarly, the values of C=C 0 were 1, 0.1, 0.08 and 0.06 while pH value of the solution were 2, 5, 7 and 9, respectively, for Pb 2þ adsorption in the interval of 6 hr. The exhaustion and breakthrough times shifted to the origin with decreasing pH of the solution, while the earlier exhaustion and breakthrough times were found for pH ¼ 2. At lower pH, the adsorption efficiency of metal ions was low, attributed to the competition between H þ ion and metal ions for vacant adsorbent sites. On the other hand, dissolution of Fe, P and Ca, which are the main elements of OBA/nZVI, may occur at low pH. Based on the previous studies, most mercury and lead species in the solution at acidic pH are Hg(II), Pb(II), Hg(OH)þ and Pb(OH)þ; that is, the active sites of adsorbent are not segregated from hydronium ion H 3 O þ and restricted the interaction of metal ions with the immobilized nZVI due to the repulsive force (Arshadi et al. ) .
When the initial pH of the influent solution was increased from 2 to 9, the longest breakthrough time and the greatest adsorbent capacity was attained at pH 9. This trend might be attributed to ZVI reduction of the metal ions on OBA/ nZVI and also could be related to the role of protonation/deprotonation of the hydroxyl groups on the surface of iron nanoparticles (Sun et al. ) . It is clear that increasing of pH from 7 to 9 had no significant effect on breakthrough curves for Hg(II) and Pb(II) ions. After pH 7, the adsorption capacity remained fixed, which may be attributed to the precipitation of Hg(II) ions as Hg(OH) 2 , and Pb(II) ions as Pb(OH) 2. . As the pH of mixed solution increased to 7, concentration of hydroxyl was enhanced in solution, which either caused the OBA/nZVI surface to become negatively charged or resulted in precipitation of Hg(OH) 2 and Pb(OH) 2 in solution as well on the surface of OBA/nZVI. In the case of mercury, the adsorption of Hg (II) at pH >6 is attributed to the formation of mercury hydroxide species, including insoluble precipitate of Hg (OH) 2 and soluble Hg(OH) þ . From a practical point of view, the OBA/nZVI could be applied as a material to remove Hg(II) and Pb(II) ions from natural surface and ground water which the pH values of those falls in the range of 5-9 (Eslamian et al. ) . Based on the above results, the optimum adsorption of Hg(II) and Pb(II) ions was achieved at pH 7.0.
Performance of the OBA and OBA/nZVI in a fixed-bed column system
To assess the dynamic behavior for Hg(II) and Pb(II) ions adsorption onto the surface of OBA and OBA/nZVI, the breakthrough profiles for two different adsorbents obtained in a fixed-bed column system are shown in Figure 8 . For this purpose, the initial concentration of metal ions (50 mg L À1 ), flow rate (1 mL min À1 ), bed height (6 cm) and pH (7) were kept constant. As Figure 8 indicates, the OBA breakthrough profile is sharper than the OBA/nZVI breakthrough curve for both metal ions and the breakthrough times followed the order of OBA/nZVI-Hg(II) > OBA/nZVI-Pb(II) > OBA-Pb(II) > OBA-Hg(II). In fact, The difference in the breakthrough time for OBA and OBA/nZVI adsorbents can be attributed to their adsorption capacities. The different behavior of OBA and OBA/nZV for Hg(II) and Pb(II) ions adsorption is strongly affected by the physical properties and chemical nature of its surface. In the case of OBA, the adsorption of Pb(II) is higher than that of Hg ( ! M x Ca (10Àx) (PO 4 ) 6 (OH 2 ) þ xCa 2
The low standard potential of OBA/nZVI provides suitable condition for giving electrons to metal ions and changing them into their reduced forms, where Fe is changed from Fe 0 to Fe 2þ by the following equation (Li & Zhang ) :
Thus, theoretically Fe 0 can reduce any metal ions which have a greater reduction potential than À0.440 V. Therefore, redox reaction is anticipated to occur to a certain extent, as the standard reduction potential of φ 0 Hg 2þ =Hg 0 ¼ þ0=79 V and φ 0 Pb 2þ =Pb 0 ¼ À0=126 V is higher as compared with that of φ 0 Fe 2þ =Fe 0 ¼ À0=44 V. Thus, the remarkable change in the exhaustion time was observed after the treatment of OBA with nZVI. The values of C=C 0 were 0.04 and 0.93 for OBA/nZVI and OBA, respectively, to remove Hg 2þ in the interval of 6 hr (see Figure 8(a) ). Similarly, the values of C=C 0 were 0.08 and 0.76 for OBA/nZVI and OBA, respectively, to remove Pb 2þ in the interval of 6 hr (see Figure 8(b) ).
Comparative adsorption study of different metal ions dynamic and mechanism Figure 9 indicates the breakthrough curves of Hg(II), Pb(II), Ni(II) and Cd(II) ions with initial concentration of metal ions of 50 mg L À1 , flow rate 1 mL min À1 , bed height 6 cm and pH 7. OBA/nZVI was more efficient at elimination of Hg(II) ions from wastewater in a fixed-bed column systems than it was for Pb(II), Ni(II) and Cd(II). The results of Figure 9 can be related to the standard reduction potentials of Pb(II)
On the other hand, OBA/ nZVI could remove Ni(II) and Cd(II) ions from aqueous media related to their greater standard reduction potentials as compared with that of φ 0 Fe 2þ =Fe 0 ¼ À0=44 V. However, the breakthrough times followed the order of Hg(II) > Pb(II) > Ni(II) > Cd(II). Therefore, reduction by nZVI is the predominant mechanism for the removal of Hg(II) and Pb(II) ions with the OBA/nZVI. OBA without nZVI entrapment has not shown any reduction. In general, the reduction of Hg(II) and Pb(II) ions by OBA/nZVI is as follows (Ponder et al. ) :
To prove the above mechanism, XRD pattern of the OBA/nZVI was measured after stirring with the Pb(II) solution (see Figure S2 , Supplementary data, available with the online version of this paper). XRD analysis indicated that Pb(II) is reduced to Pb 0 and possibly other insoluble phases. The amorphous Pb(OH) 2 appears in the XRD pattern, which reflected with a 2θ ¼ 22:23 W , 26.92 W and 46.8 W (see Figure S2 peaks marked 'a'). The signal of the crystal PbO.xH 2 O was found in the XRD pattern which was characterized with a 2θ ¼ 29:83 W (see Figure S2 peak marked 'b'). However 2θ at 56:5 W is related to iron oxide (see Figure S2 peak Figure S2 peaks marked 'd').
CONCLUSIONS
In this research, the adsorption potential of a novel composite adsorbent, OBA/nZVI, for the elimination of Hg(II) and Pb(II) ions in a fixed-bed column system was studied. The influence of influent flow rates, bed height, initial metal ions concentrations and pH was investigated. The following results were observed from the research.
(1) OBA/nZVI was successfully applied as a novel composite adsorbent to removal Hg(II) and Pb(II) ions in a fixed-bed column system. (2) The adsorption efficiency of metal ions declined while the influent flow rate was raised from 1 to 30 mL min À1 , the bed height was decreased from 9 to 3 cm and initial metal ions increased from 25 to 100 mg L À1 . (3) The exhaustion and breakthrough times shifted to the origin with rising flow rates and initial metal ions concentration, and decreasing pH and bed height. (4) The breakthrough times followed the order of OBA/nZVI-Hg(II) > OBA/nZVI-Pb(II) > OBA-Pb(II) > OBA-Hg(II). (5) The order of the adsorbates removal on OBA/nZVI was: Hg(II) > Pb(II) > Ni(II) > Cd(II) (6) Aggregation and oxidation of the bare nZVI are the main challenges of these particles in environmental remediation, which could be solved by a stable immobilized nZVI on the surface of a biological origin support such as OBA. (7) The mechanism of Hg(II) and Pb(II) adsorption was observed to be a coupled Fe-Hg(II) and Fe-Pb(II) redox reaction, as demonstrated by the XRD analysis.
